Rationale: Autophagy, a bulk degradation process of cytosolic proteins and organelles, is protective during nutrient starvation in cardiomyocytes (CMs). However, the underlying signaling mechanism mediating autophagy is not well understood.
M acroautophagy (termed hereafter as autophagy) is a dynamic process of intracellular bulk degradation in which cytosolic proteins and organelles are sequestered into double-membrane vesicles called autophagosomes to be fused with lysosomes for degradation. 1 In the heart, autophagy maintains protein quality control, adapts to nutrient and oxygen deprivation during myocardial ischemia, and mediates cell death during reperfusion injury. 2, 3 Autophagy during nutrient deprivation is an adaptive mechanism that allows the cells to survive by degrading the intracellular protein and lipid cargo and recycling the amino and fatty acids to generate ATP. 2 The nutrient status has a profound effect on cardiac contractility, and activation of autophagy during starvation is protective for the heart. The intracellular signaling mechanism by which nutrient starvation activates autophagy in cardiomyocytes (CMs) is not well understood, however.
The forkhead box, class O (FoxO) family of transcription factors are present as 4 distinct isoforms (FoxO1, FoxO3, FoxO4, and FoxO6) in mammals. FoxO proteins play an important role in several intracellular functions, such as metabolism, stress resistance, longevity, tumor suppression, and cell size regulation. 4 The key to the myriad functions of FoxO proteins lies in the complex posttranslational modifications they undergo. They are phosphorylated in response to insulin and growth factors, dephosphorylated by protein phosphatases, ubiquitinated in response to oxidative stress, acetylated by p300/CBP, and deacetylated by Sirt1. 4 FoxO3 and FoxO1 regulate autophagy in skeletal and cardiac muscles by activating genes that are involved in autophagosome formation. [5] [6] [7] However, the specific role of FoxO posttranslational modification in mediating autophagy is not yet known.
Sirt1, the mammalian ortholog of yeast silent information regulator (Sir2), is a class III histone deacetylase. Sirt1 extends lifespan in lower organisms, whereas it suppresses aging-induced cardiomyopathy and protects against oxidative stress in the mouse heart. 8 Sirt1 regulates autophagy by interacting with autophagy-related genes Atg5, Atg7, and Atg8 and deacetylating them. 9 We have shown previously that endogenous Sirt1 positively regulates autophagy in CMs. 10 Sirt1 deacetylates FoxO1, FoxO3, and FoxO4 and regulates FoxO-dependent gene transcription either positively or negatively. 11, 12 FoxO proteins bear a conserved coactivator-interacting LXXLL motif that is important for their interaction with Sirt1. 13 However, whether or not the effect of Sirt1 on autophagy is mediated through FoxO proteins is unknown.
In this study, we used activation of autophagy by glucose deprivation (GD) in cultured CMs as a model and investigated the signaling mechanism mediating autophagy. Goals of this study were to (1) elucidate the role of FoxO1 in mediating starvation-induced increases in autophagy; (2) evaluate the role of FoxO1 deacetylation by Sirt1 in mediating starvation-induced autophagy; and (3) clarify the molecular mechanism by which FoxO1 can enhance autophagic flux.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Adeno-and Lentiviruses
Adenoviruses harboring murine wild-type (WT) FoxO1 (Ad-FoxO1-WT), FoxO1(3A/LXXAA) (Ad-3A/LXXAA), 13 Sirt1 (Ad-Sirt1), 8 short hairpin (sh)RNA Sirt1 (Ad-sh-Sirt1), 10 shRNA Scramble (Adsh-Scr), 10 GFP-LC3 (Ad-GFP-LC3), 2 tandem fluorescent mRFP-GFP-LC3 14 (Ad-tf-LC3), 15 tTA (Ad-tTA), 16 and LacZ (Ad-LacZ) 16 have been described. Adenovirus harboring inducible p300 (Adp300) was purchased from Cell Biolabs. The plasmid constructs of hemagglutinin (HA)-tagged human Rab7 (obtained from Missouri S&T cDNA Resource Center) and HA-tagged WT FoxO3a (from Dr Michael Greenberg) 17 were used to generate adenoviruses Ad-HARab7 and Ad-FoxO3-WT, respectively, using the Admax system (Microbix). Adenovirus harboring shRNA for FoxO1 (Ad-shFoxO1) was generated as previously described 2 using the following hairpin-forming oligo: 5Ј-CGCCAAACTCACTACAC-CATTTCAAGAGAATGGTGTAGTGAGTTTGGCTTTTTA-3Ј. The hairpin loop sequence is underlined. Lentivirus (Lt) harboring shRNA for Rab7 (Lt-sh-Rab7) was purchased from Open Biosystems. For knockdown studies, adenoviral and lentiviral transduction was carried out for 96 hours, whereas overexpression models involved 24 hours of adenoviral transduction.
Transgenic Mice
Transgenic mice with cardiac-specific overexpression of FoxO1(3A/ LXXAA) (Tg-FoxO1m) were generated on an FVB background with the ␣-myosin heavy chain (MHC) promoter (courtesy of Dr J Robbins, Children's Hospital, Cincinnati, Ohio). FoxO1 homozygous floxed mice (flox) 18 were bred with transgenic mice with cardiac-specific overexpression of Cre recombinase (␣MHC-CreTg) (courtesy of Dr M. D. Schneider, Imperial College, London, UK) to generate cardiac-specific FoxO1 homozygous knockout mice
Ϫ/Ϫ ). Beclin1 heterozygous knockout mice (beclin1 ϩ/Ϫ ) have been described. 2 
Results

GD Increases Autophagic Flux in Cultured CMs
Cultured CMs were subjected to GD for 2 hours. As previously shown, 2 GD induced a significant increase in the expression of LC3-II ( Figure 1A and 1B). When CMs were transduced with Ad-GFP-LC3, GD significantly increased the number of CMs with numerous GFP-LC3 dots (Online Figure  I, A) . Expression of p62, a protein sequestered in autophagosomes for lysosomal degradation, was significantly reduced ( Figure 1A and 1B). To separately evaluate the extent of autophagosome and autolysosome accumulation, we generated an adenovirus harboring tandem fluorescent mRFP-GFP-LC3 (Ad-tf-LC3). 14,15 mRFP (monomeric red fluorescent protein) retains its fluorescence even in the acidic environment of lysosomes, where GFP loses its fluorescence. Thus, green LC3 puncta primarily indicate autophagosomes, whereas red LC3 puncta indicate both autophagosomes and autolysosomes. The red puncta that overlay with the green puncta and appear yellow in merged images are indicators of autophagosomes, whereas the free red puncta that do not overlay with the green puncta and appear red in merged images are indicative of autolysosomes. 14, 15 The numbers of green and red puncta were both significantly higher after GD ( Figure 1C and 1D) . Furthermore, yellow and red puncta were both significantly increased after GD in merged images, indicating increased autophagosomes and autolysosomes ( Figure 1E ). These results suggest that autophagic flux is enhanced in response to GD in CMs.
FoxO1 Is Required for GD-Induced Autophagy
FoxO1, a major isoform of the FoxO family in CMs, was significantly upregulated following GD ( Figure 1A and 1B) . Overexpression of FoxO1 by Ad-FoxO1-WT caused a significant increase in LC3-II and a decrease in p62, indicating increased autophagy (Figure 2A and 2B) , whereas knockdown of FoxO1 by Ad-sh-FoxO1 caused significant accumu- lation of both LC3-II and p62 indicating inhibition of autophagic flux in CMs (Figure 2A and 2B). To further evaluate the effect of FoxO1 on autophagic flux, CMs were transduced with Ad-tf-LC3. Expression of FoxO1 significantly increased both green and red puncta compared to that of LacZ ( Figure  2C ; Online Figure I , B). Merged images showed that the increase in red puncta was significantly greater than that in yellow puncta ( Figure 2D ). These results suggest that FoxO1 increases autolysosomes more than autophagosomes, and, thus, stimulates autophagic flux. In addition, there was a significant increase in the FoxO1-induced accumulation of LC3-II in the presence of lysosomal protease inhibitors, including phenyl methane sulfonyl fluoride and leupeptin, further supporting the idea that FoxO1 stimulates autophagic flux in CMs (Online Figure I , C and D). FoxO1 also increased the number of yellow puncta in merged images in the presence of bafilomycin A1, an inhibitor of autophagosome-lysosome fusion 19 (Online Figure I , E through G), suggesting that FoxO1 increases autophagosome formation as well. In Ad-sh-FoxO1-transduced CMs, although the number of green and red puncta was robustly increased compared to Ad-FoxO1-WT (Online Figure I, B) , most of the red puncta overlaid with the green ones ( Figure 2C and 2D), suggesting that knockdown of FoxO1 inhibits autophagic flux. Similar to FoxO1, overexpression of FoxO3 also increased autophagic flux (Online Figure II) . To evaluate whether FoxO1 is required for GD-induced autophagy, CMs were transduced with Ad-sh-FoxO1 ( Figure   2E ). Knockdown of FoxO1 with Ad-sh-FoxO1 induced p62 accumulation in the presence and absence of GD, indicating that endogenous FoxO1 is required for GD-induced autophagy ( Figure 2E and 2F). Analyses with Ad-tf-LC3 showed that on knockdown of FoxO1, even in the presence of GD, most of the red puncta overlaid with green puncta, indicating inhibition of autophagic flux ( Figure 2G and 2H). These results suggest that FoxO1 is required for GD-induced autophagy.
Sirt1 Deacetylates FoxO1 During GD
Sirt1 is activated on starvation in cancer cell lines. 20 We hypothesized that Sirt1 deacetylates FoxO1 during GD, thereby inducing autophagy in CMs. An acetylated form of FoxO1, evaluated with anti-acetylated FoxO1 antibody, was significantly decreased following GD ( Figure 3A and 3B). Conversely, expression of Sirt1 was increased following GD ( Figure 3A and 3B). Because the activity of Sirt1 is NAD ϩ -dependent, we evaluated NAD ϩ content in starved CMs. The NAD ϩ content was significantly increased following GD (Figure 3C ). GD-induced deacetylation of FoxO1 was abolished when Sirt1 was downregulated by Ad-sh-Sirt1 ( Figure 3D and 3E). Taken together, these results suggest that GD upregulates and activates Sirt1, which in turn induces deacetylation of FoxO1.
Sirt1 Is Required for GD-Induced Autophagy
To evaluate the role of Sirt1 in mediating autophagy, CMs were transduced with Ad-Sirt1 and Ad-sh-Sirt1. Overexpres- sion of Sirt1 increased LC3-II and decreased p62 accumulation, suggesting that Sirt1 stimulates autophagy ( Figure 4A and 4B). Knockdown of Sirt1 inhibited autophagic flux, as evidenced by increased accumulation of both LC3-II and p62 at baseline, consistent with our previous results 10 ( Figure 4A and 4B). Analyses with tf-LC3 showed that the number of green and red puncta was higher in Ad-Sirt1-transduced CMs than in Ad-LacZ-transduced CMs ( Figure 4C ; Online Figure   III , A). Furthermore, there were more red puncta than yellow puncta, indicating that Sirt1 increases autolysosome formation more strongly than autophagosome formation ( Figure  4D ). In Ad-Sirt1-transduced CMs, LC3-II accumulation was significantly enhanced in the presence of protease inhibitors, indicating that Sirt1 enhances autophagic flux in CMs (Online Figure III , B and C). Ad-Sirt1 significantly enhanced accumulation of yellow puncta in the presence of Bafilomy- To evaluate whether Sirt1 is required for GD-induced autophagy, Ad-sh-Sirt1-transduced myocytes were subjected to GD. Knockdown of Sirt1 inhibited GD-induced stimulation of autophagic flux, as evidenced by increased accumulation of p62 ( Figure 4E and 4F) . Furthermore, Ad-sh-Sirt1 inhibited GD-induced increases in autolysosome formation ( Figure 4G and 4H), indicating that Sirt1 is required for GD induced increases in autophagic flux in CMs.
Deacetylation of FoxO1 and the LXXLL Motif Are Required for GD-Induced Autophagy
The LXXLL motif in FoxOs is important for interaction with Sirt1. Mutations in this motif are introduced in FoxO1(3SA), a mutant which cannot be phosphorylated by Akt and which is localized constitutively in the nucleus (FoxO1(3A/ LXXAA)). Expression of FoxO1(3A/LXXAA) mutant abolishes interaction between Sirt1 and FoxO1 and Sirt1-induced stimulation of FoxO1-mediated transcription. 13 FoxO1(3A/ LXXAA) is a useful tool for investigating the role of Sirt1 in regulating the function of FoxO1. We confirmed that FoxO1(3A/LXXAA) is localized in the nucleus (Online Figure IV) . We hypothesized that FoxO1-Sirt1 interaction is required for FoxO1 to induce autophagy in response to GD. We transduced CMs with Ad-3A/LXXAA or Ad-LacZ and subjected them to GD for 2 hours. In Ad-3A/LXXAAtransduced myocytes, acetylation of FoxO1 was increased at baseline and even after GD treatment ( Figure 5A ). In these myocytes, GD-induced stimulation of autophagy was inhibited, as indicated by reduced LC3-II and increased p62 accumulation ( Figure 5A ).
To show that deacetylation is required for autophagy, CMs were transduced with adenoviruses harboring inducible p300 (Ad-p300ϩAd-tTA), a histone acetyl transferase. Overexpression of p300 significantly increased FoxO1 acetylation and inhibited autophagy, as indicated by decreased LC3-II and increased p62 accumulation, at baseline and on GD ( Figure 5B and 5C ). Increases in FoxO1 acetylation and suppression of autophagy were not observed when myocytes were transduced with Ad-p300 or Ad-tTA alone. Ad-3A/LXXAA and Ad-p300ϩAd-tTA both increased accumulation of autophagosomes in Ad-tf-LC3-transduced myocytes, as indicated by increases in yellow puncta in merged images, but not autolysosomes, as indicated by significant decreases in red puncta ( Figure 5D through 5F). These results suggest that deacetylation of FoxO1 by Sirt1, which is dependent on an intact LXXLL motif, is required for GD-induced autophagy. 
FoxO1 and Sirt1 Act Synergistically to Induce Autophagy
Because deacetylation of FoxO1 mediated by Sirt1 is required for GD-induced autophagy, we hypothesized that FoxO1 is required for Sirt1-induced autophagy. To this end, the effect of FoxO1 knockdown on Sirt1-mediated autophagy was evaluated with tf-LC3 (Online Figure V, A through C). Although the number of autophagosomes was significantly greater, the number of autolysosomes was significantly smaller in CMs transduced with both AdSirt1 and Ad-sh-FoxO1 than in those with Ad-Sirt1 alone (Online Figure V, C) . These results suggest that FoxO1 
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mediates Sirt1-induced increases in autophagic flux. Conversely, in CMs transduced with Ad-FoxO1 and Ad-shSirt1, autophagosome formation was significantly increased, whereas autolysosome formation was robustly decreased compared to in those with Ad-FoxO1 alone (Online Figure V, D through F) . These results suggest that Sirt1 also plays an important role in mediating FoxO1-induced increases in autophagic flux in CMs and that Sirt1 and FoxO1 act in concert to mediate autophagy in CMs (Online Figure VI) .
FoxO1 Increases Expression of Rab7
Because FoxO1 not only stimulates autophagosome formation but also prominently increases autolysosomes, we hypothesized that FoxO1 increases autophagic flux by increasing the expression of Rab7, a small GTPase protein which stimulates lysosomal biogenesis and maturation of autophagic vacuoles by promoting their fusion with endosomes and lysosomes. 21 Both mRNA (Online Figure VII, A) and protein expression of Rab7 ( Figure 6A ) were significantly increased in Ad-FoxO1-WT-transduced myocytes, whereas they were reduced significantly by knockdown of FoxO1 or transduction with Ad-3A/LXXAA ( Figure 6A ). Rab7 expression was also increased significantly on GD, but this increase was abolished when FoxO1 was knocked down ( Figure 6B ), indicating that the GD-induced increase in Rab7 is critically mediated through FoxO1. Rab7 is accumulated as puncta in the peri-nuclear region in response to GD (Online Figure VII,  B) . Rab7 costained predominantly with Cathepsin L, a lysosomal cysteine protease (Online Figure VII, B) , but less so with GFP-LC3 (Online Figure VII, C) . These results suggest that, in cultured CMs, Rab7 is localized to autolysosomes and late autophagic vacuoles, but not autophagosomes. Overexpression of Sirt1 upregulates Rab7, whereas knockdown of Sirt1 downregulates it (Online Figure VII, D) . Taken together, these results indicate that the Sirt1-FoxO1 pathway regulates expression of Rab7.
FoxO1-Induced Autophagy Is Inhibited by Rab7 Knockdown
To evaluate the role of Rab7 in mediating autophagic flux, we generated an adenovirus harboring HA-Rab7 (Ad-HA-Rab7).
Overexpression of Rab7 in CMs increased LC3-II and decreased p62 ( Figure 6C ), indicating that Rab7 stimulates autophagy. To evaluate the extent of autophagosome and autolysosome formation, Rab7-overexpressing CMs were transduced with Ad-tf-LC3 (Online Figure VIII, A) . Rab7 increased both yellow and red puncta, but it increased red puncta significantly more (Online Figure VIII , B and C), suggesting that Rab7 enhances autophagic flux in CMs. To evaluate the role of endogenous Rab7 in mediating FoxO1-induced autophagy, we treated CMs with Lt-sh-Rab7. Knockdown of Rab7 was confirmed by immunoblots (Online Figure VIII, D) . Expression of LC3-II was reduced and p62 was accumulated at baseline in Lt-sh-Rab7-transduced myocytes ( Figure 6D) . Furthermore, the FoxO1-induced increase in LC3-II expression and p62 degradation was significantly attenuated on knockdown of Rab7 ( Figure 6D ). These results suggest that stimulation of autophagic flux by FoxO1 is mediated through upregulation of Rab7.
FoxO1 and Its Interaction With Sirt1 Are Required for Starvation-Induced Autophagy in Mouse Hearts
We hypothesized that FoxO1 and its modulation by Sirt1 are required for starvation-induced autophagy in the heart in 
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vivo. We used transgenic mice with cardiac-specific overexpression of FoxO1(3A/LXXAA) (Tg-FoxO1m) and cardiacspecific FoxO1 homozygous knockout mice (c-FoxO1 Ϫ/Ϫ ). These mice were subjected to starvation for 48 hours. LC3-II expression and p62 degradation were increased in control mice (nontransgenic mice and FoxO1 flox/fox without Cre mice) after starvation, indicating increased autophagy ( Figure  7 ). These changes were abolished in Tg-FoxO1m and c-FoxO1
Ϫ/Ϫ mice, where LC3-II expression was reduced and p62 accumulation was increased at baseline and in response to starvation, indicating inhibition of autophagic flux ( Figure  7) . These results suggest that FoxO1 and its interaction with Sirt1 are required for starvation-induced autophagy in the heart in vivo.
To evaluate the role of FoxO1 in regulating cardiac function during starvation, echocardiographic analyses were conducted before and after starvation. In control mice, ejection fraction and fractional shortening were maintained after starvation (Figure 8A and 8B; Online Figure IX) . However, in both Tg-FoxO1m and c-FoxO1
Ϫ/Ϫ mice, cardiac function deteriorated significantly after starvation (Figure 8A and 8B; Online Table I) . A decrease in cardiac function caused by starvation was also observed in beclin1 ϩ/Ϫ mice ( Figure 8C  and 8D) , consistent with the notion that suppression of autophagy may contribute to starvation-induced cardiac dysfunction. These results suggest that FoxO1 is required for maintaining cardiac function after starvation, possibly through stimulation of autophagy.
Discussion
We have demonstrated that (1) deacetylation of FoxO1 by Sirt1 is required for starvation induced autophagy in the heart; (2) Sirt1 and FoxO1 cooperatively mediate starvationinduced autophagy, (3) FoxO1 enhances autophagic flux by activating Rab7, and (4) FoxO1 is required to maintain cardiac function after starvation. Overall, deacetylation of FoxO1 and activation of autophagy form an essential adaptive mechanism for maintaining LV function under starvation conditions.
Experiments with Ad-tf-LC3 allowed us to demonstrate that both GD and FoxO1 not only stimulate autophagosome formation but also enhance formation of autolysosomes, and, thus, they both stimulate autophagic flux. FoxO1 is upregulated by GD and upregulation of FoxO1 is necessary for stimulating starvation-induced autophagy. FoxO1 is a key molecule which is important for maintaining energy homeostasis and regulating metabolism in the liver, adipose tissue and skeletal muscle. 22 During fasting and exercise, FoxO1 can activate gluconeogenic enzymes in the liver and turn on lipid metabolism to cope with conditions of nutrient and energy depletion. 4, 22 FoxO1-induced autophagy could be a part of such an adaptive mechanism, providing a source of energy by recycling amino and fatty acids and mediating cell survival during the energy crisis.
Multiple FoxO family transcription factors have many overlapping functions. Because FoxO3 also stimulates autophagy (Online Figure II) , FoxO3 may be involved in GDinduced autophagy in CMs. However, because specific downregulation of FoxO1 potently suppresses GD-induced autophagy, FoxO1 may have nonoverlapping mechanisms to stimulate autophagy in CMs. Whether or not FoxO isoforms differentially contribute to starvation-induced autophagy remains to be clarified.
Different posttranslational modifications regulate the function of FoxO proteins. In the presence of insulin, FoxO is phosphorylated by Akt and translocates from the nucleus to the cytosol, and FoxO-mediated transcription is attenuated. 17 In response to GD, FoxO proteins are dephosphorylated (Online Figure X) and localized in the nucleus (Online Figure  IV) , which in turn could stimulate transcription of autophagy genes. 22 Besides phosphorylation, the acetylation status of FoxO proteins also affects their transcriptional activity. 22 Here we show that FoxO1 is deacetylated on GD in a Sirt1-dependent manner. FoxO1(3A/LXXAA), which cannot interact with Sirt1, remains acetylated, indicating that interaction with Sirt1 is required for FoxO1 to be deacetylated in the presence of GD. Importantly, FoxO1 cannot stimulate autophagy when it is acetylated in the presence of p300, a histone acetyltransferase known to acetylate Sirt1, and FoxO1(3A/LXXAA) inhibits GD-induced autophagy despite being localized in the nucleus, suggesting that interaction with Sirt1 and consequent deacetylation are required for FoxO1 to mediate GD-induced autophagy. Furthermore, nu- 
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clear translocation of FoxO1 caused by dephosphorylation alone may not be sufficient for inducing autophagy in response to GD. Interestingly, nuclear localization of FoxO1 is enhanced in the presence of Sirt1 overexpression (Online Figure IV) , raising the possibility that Sirt1-mediated deacetylation may also contribute to the nuclear localization of FoxO1 during GD. Taken together, our results suggest that Sirt1-mediated deacetylation of FoxO1 plays an important role in mediating GD-induced stimulation of autophagy in CMs. Our results do not exclude the involvement of phosphorylation-dependent regulation of FoxO1 in modulation of autophagy.
Although both sh-FoxO1 and FoxO1 (3A/LXXAA) inhibit autophagic flux, as evidenced by accumulation of p62 and decreases in autolysosomes, Ad-sh-FoxO1 increased LC3-II, whereas FoxO1 (3A/LXXAA) decreased LC3-I and LC3-II, suggesting that shRNA for FoxO1 inhibits autophagic flux primarily at autophagosome-lysosome fusion, whereas FoxO1 (3A/LXXAA) either inhibits expression of LC3 or interferes with autophagosome formation as well as autophagosome-lysosome fusion. It is possible that shRNA for FoxO1 induced incomplete knockdown of FoxO1 or that FoxO3 may compensate for downregulation of FoxO1. On the other hand, FoxO1 (3A/LXXAA), as a dominant negative (against FoxO1 and/or FoxO3), may be a stronger inhibitor of FoxO, so that not only genes involved in autophagosome-lysosome fusion but also those involved in autophagosome formation are affected.
Both expression of Sirt1 and the cellular amount of NAD ϩ are significantly increased during GD in CMs, which would enhance the total activity of Sirt1, favoring deacetylation of FoxO1. The facts that upregulation of Sirt1 is sufficient to increase both autophagosomes and autolysosomes and stimulate autophagy, an effect very similar to that of FoxO1, and that stimulation of autophagy by Sirt1 is abolished in the absence of FoxO1 are consistent with the notion that Sirt1 is an upstream regulator of FoxO1 for induction of autophagy (Online Figure VI) . Interestingly, however, FoxO1-induced autophagy also requires Sirt1. These results suggest that FoxO1 and Sirt1 in concert mediate autophagy under GD by making a functional complex in CMs.
Previous studies have shown that FoxO3 regulates autophagy in skeletal muscle cells by transcriptional activation of genes that are involved in autophagosome formation, including LC3, Gabarapl1, Atg12l, Atg4, Beclin1, Ulk2, Vps34, and Bnip3. 5, 7 It should be noted that the causative role of autophagy related molecules in mediating FoxO-mediated autophagy remains to be elucidated. Our results suggest that Rab7 plays an important role in mediating FoxO1-induced stimulation of autophagy. Because Rab7 plays an important role in the fusion of the matured autophagic vacuole with the lysosome, we speculate that Rab7 may primarily contribute to the late stages of autophagy and the overall increase in autophagic flux. Because FoxO1 upregulates other autophagy-related genes specifically involved in different steps of autophagy, and because autophagy is executed through multiple steps, including nucleation, autophagosome formation, autophagosome-lysosome fusion, and lysosomal degradation, other FoxO1 targets may also contribute to FoxO1-induced autophagy by modulating other processes of autophagy.
Starvation of newborn mice lacking atg5 increases perinatal death resulting from heart failure, 23 suggesting that the heart function critically relies on autophagy during nutrient starvation. Our results show that downregulation of FoxO1 or expression of a FoxO1 mutant that cannot interact with Sirt1 not only inhibits autophagy but also results in LV dysfunction under starvation conditions. These results are consistent with the notion that the Sirt1-FoxO1 pathway is a compensatory signaling mechanism essential for maintaining LV function under starvation conditions. Because the suppression of autophagy in beclin1 ϩ/Ϫ mice also leads to LV dysfunction during food starvation, suppression of autophagy may in part mediate LV dysfunction in Tg-FoxO1m and c-FoxO1 Ϫ/Ϫ mice under starvation conditions. When Sirt1 and FoxO proteins interact, transcription of genes mediating stress resistance, cell survival, and longevity is turned on, whereas transcription of those mediating apoptosis and cell death is turned off. 4 We therefore speculate that FoxO1-induced transcription of autophagy genes is an important adaptive mechanism during starvation in the heart. Both FoxOs and Sirt1 affect glucose metabolism, as well as insulin signaling. 22 Thus, we should point out the possibility that manipulation of FoxOs and Sirt1 secondarily affects the extent of autophagy through changes in metabolism and insulin signaling in the heart and the myocytes therein.
In summary, Sirt1-mediated deacetylation of FoxO1 plays an essential role in mediating starvation-induced autophagy. Deacetylation of FoxO1 induces expression of genes involved in autophagy, including Rab7, which in turn stimulate autophagy. We propose that autophagy activated by the Sirt1-FoxO1 pathway is beneficial for the heart during nutrient and energy deficiency. 
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